Abstract-This paper presents an economic and technical analysis of the feasibility of solar photovoltaics (PV) in the Singapore context. The Levelized Costs of Electricity (LCOE) methodology is used to evaluate the cost of electricity generated from solar PV systems over their economic lifetime. Using reasonable estimates for key parameters, the model calculates the break-even price -the price at which the costs of solar power are just balanced by its revenues over the life of the equipment -to be S26 ¢/kWh, on par with the average Singapore 2011 electricity tariff rate. Module costs and the annual yield of solar PV systems are found to be the main factors determining the LCOE. We compare the LCOE across a range of technologies and find that solar PV is both a more expensive means of electricity generation than most other technologies, including combined cycle gas turbines (CCGT) and coal, as well as an expensive means of CO 2 emission mitigation. Projections of the LCOE of solar PV using experience curves indicate that solar PV is likely to become more cost-competitive relative to other technologies in the future.
INTRODUCTION
Renewable energy technologies have been receiving much attention in the past few years, motivated by high fossil fuel prices and concerns about global climate change. Proponents of renewable energy advocate policy and regulatory changes to promote non-fossil fuel-based electricity generation. With additional purported benefits to energy security and the creation of "green" jobs, several governments have legislated subsidies or other forms of policy and regulatory support for renewable technologies.
A renewable energy technology that may be relevant to Singapore is solar photovoltaics (PV), which directly transforms solar radiation into electrical energy. Solar PV systems are seen as a potentially viable source of renewable energy for Singapore in particular, given the country's equatorial location and the lack of other renewable energy resources such as hydro, geothermal, wind, or tidal energy due to meteorological, geographical, or space availability constraints. Indeed, Singapore has set up several initiatives that include solar test bedding by statutory authorities such as the Housing and Development Board (HDB). This paper presents an economic and technical analysis of the feasibility of solar PV in the local context. Section 2 provides an overview of the solar PV industry, and discusses the global evolution of module costs. Section 3 describes the solar PV technologies prevailing in Singapore and discusses the technical potential for solar PV in Singapore. Section 4 evaluates the cost of generating electricity from solar PV and the likely cost trajectory estimates of solar PV electricity generation under Singapore conditions. Section 5 offers preliminary conclusions. Figure 1 . Global cumulative installed capacity [5] and average module prices [2] (1990-2011)
II. INDUSTRY OVERVIEW
The solar PV industry has expanded considerably over the past two decades. Starting from a very small base in the late 1970s, global installed capacity crossed 1,000 Megawatt peak (MWp) 1 in 2000, grew ten-fold to 10,000 MWp in the next 8 years, and had increased to as much as 60,000 MWp by the end of 2011 (Fig. 1 ). Despite this rapid growth, solar PV still constitutes less than 1% of the global energy mix [1] .
Steep reductions in the average selling price of solar panels have been observed. In real terms (2010 US$), the Navigant's Module Price Index (a leading price index for solar PV modules) fell from approximately US$ 10/Wp at the beginning of 1990 to US$ 3.50/Wp in 2000 (Fig. 1) . Between 2004 and , an influx of Feed-in-Tariffs and other incentives to promote solar power as a clean source of energy lifted the market by providing investment guarantees and capital cost subsidies [2] . This period coincided with a global shortage of silicon feedstock and production capacity, as a result of which expansion of installed capacity continued while the price stabilized at around $3.50/Wp.
Global installation continued after the 2009 financial crisis, adding tens of thousands of megawatts annually. There was an even more rapid decline in module prices as a large inventory overhang and a glut of new solar panel production capacity, with China emerging as the world's low-cost producer, coincided with reduced demand growth, as subsidies in European markets were curtailed in the aftermath of the financial crisis and amid constrained public budgets. It is difficult to rigorously determine the extent to which current solar PV module prices are due to inherent technological progress on the one hand, and to unsustainable pricing pressures arising out of short and medium term market disequilibrium on the other. But there is evidence to suggest the price falls of the past year have been a reflection of a global solar industry that has been subject to falling rates of demand growth (in Europe in particular) relative to global export capacity expansion, compression of gross margins, net losses among many solar panel producers, several major manufacturer bankruptcies, predatory pricing and market consolidation among a smaller group of global manufacturers [3] [4] .
III. SOLAR PV IN SINGAPORE
Located near the equator, Singapore is regarded as a favorable site for solar installations. Its annual average solar insolation is 1,663 kWh/m 2 , which is equivalent to receiving 4.55 peak sun hours/day [6] . 2 Both wafer-based crystalline silicon technologies, including mono-crystalline and multicrystalline silicon, and thin film technologies, including amorphous silicon (a-Si), micromorph silicon and CopperIndium-Gallium-Diselenide (CIGS), are utilized in Singapore. According to the National Solar Repository of Singapore, as of April 2012, there are 65 systems in Singapore with a total capacity of 2.2 MWp [7] . 3 This database is by no mean exhaustive; it does, however, indicate the dominance of crystalline silicon over thin-film systems both in terms of the number of projects and aggregated capacity, as Fig. 2 shows.
The maximum amount of electricity that can potentially be generated from solar PV technologies is dependent on two factors: the conversion efficiencies of the technologies employed, and the total area available for the installation of the PV systems. Conversion efficiency is the proportion of the solar irradiation input that the solar panel is able to convert into useful electrical energy and provides the first basis in assessing 2 Solar insolation is the total amount of solar energy received per unit area during a given time period, and is normally measured in kWh/m 2 . Insolation can also be expressed as peak sun hours, which is the number of hours that the sun shines at its maximum intensity at a particular location. Insolation data is provided by the Atmospheric Science Data Center of National Aeronautics and Space Administration (NASA) [6] . The insolation data for any particular location can be looked up by specifying its latitude and longitude. 3 The National Solar Repository is led by the Solar Energy Research Institute of Singapore and Singapore Polytechnic, and analyses various solar PV testbeds in Singapore. the performance of a solar PV system. According to IEA estimates, crystalline solar technologies exhibit efficiencies of around 15-20% (or about 150-200 W/m 2 ), which is higher than the 10-15% efficiency levels recorded for thin film technologies [8] .
The efficiency rating reported by manufacturers is calculated based on the surface area of the panel in question. When these panels are integrated into a system, however, the system size is not just an aggregation of individual panel sizes. Fig. 3 compiles the performance of sampled systems in Singapore, where efficiency is measured per actual system size. As expected, crystalline silicon systems (averaging at 14-15% efficiency, or 140-150 Wp/m 2 ) perform significantly better than thin film systems (averaging at 8-9% efficiency, or 80-90 Wp/m 2 ). Note that for both technologies, the actual system efficiency is lower than the module efficiencies estimated by the IEA.
There has not been any rigorous study to date on the area available for solar PV system installations in Singapore. Land is a scarce resource in Singapore, a highly urbanized island of approximately 700 km 2 with among the highest rental rates for built up areas in the world. The area available for installing solar PV systems which has no alternative use, and hence no opportunity cost, will be some subset of total rooftop area in commercial, industrial, and public sector residential buildings as well as private residential homes. We assume that non-built up areas such as nature reserves and reservoirs are not available for PV system installations, since these have amenity value, and hence an opportunity cost for alternative uses. 4 Using Geographic Information Systems (GIS) and sampling techniques, the Singapore Land Authority (SLA) estimated the potential area available for installing PV systems in public housing (HDB) rooftops in Singapore [10] . HDB blocks constitute a significant proportion of Singapore's building stock and the government has already engaged in extensive test-bedding of solar PV installations on HDB block rooftops.
Based on SLA's analysis, the total rooftop area available for solar PV installations ranges from 6,337,360 m 2 to 7,779,890 m 2 [10] . This range accounts for potential shading cast by obstructions on the rooftops such as lift shafts and water tanks. It represents the minimum and maximum theoretically available HDB rooftop area in the case of maximum shading and no shading respectively.
Covering this entire area, and assuming an average conversion efficiency of 14-15% (based on the Solar Repository data for crystalline technology), total installed solar capacity would range from 890 MW to 1170 MW, accounting for 8.9% to 11.7% of Singapore's total installed power generating capacity as of 31st March 2011. 5 If a significant proportion of systems utilize thin film technologies (with lower conversion efficiencies) instead, the potential installed solar capacity would be correspondingly lower. These calculations indicate that despite the limited land area, the potential does exist for a significant scaling-up in the deployment of solar PV technology in Singapore.
IV. THE ECONOMICS OF SOLAR PV IN SINGAPORE
As with other innovative technologies early in their development cycle, solar PV is subject to a wide range of expert views on its commercial feasibility. Actual system performance is determined by a range of varying economic and technical conditions operating at any point in time and place. Furthermore, continued technical progress in a range of scientific disciplines such as materials sciences and manufacturing process engineering will continue to lead to improvements in the technology. With these caveats in mind, it is nevertheless possible to derive reasonable estimates of the range of costs of solar power relative to other extant power generating technologies. In the following sections, we discuss the basic assumptions used to derive realistic economic assessments of solar PV systems under Singapore conditions with the "most likely" estimates of the technical and environmental parameters drawn from the available literature. 
A. Methodology
This paper adopts the Levelized Costs of Electricity (LCOE) methodology to evaluate the cost of electricity generated by different technologies over their economic life. The LCOE is derived by dividing the discounted sum of all costs by the discounted total electricity generated over the plant's lifetime (1) . The costs include initial construction costs, cost of operation and maintenance, cost of fuel, and the (opportunity) cost of capital. (1) The LCOE results in this report are calculated for a PV system of 1 kWp operating under Singapore climate conditions, at discount rates of 5% and 10%. It is important to note that the LCOE analysis in this paper does not take into consideration taxes, subsidies, and transfers with respect to solar electricity generation.
B. Parameter Assumptions 1) Electricity Generation
The electricity generated by a 1 kWp PV system over its lifetime depends on three factors: the annual yield, the lifetime of the system and the degradation rate.
The annual solar yield indicates the total solar energy output generated (in kWh) annually from 1kWp of installed capacity. Electricity generated from a solar PV system is highly location-specific. In order to accurately reflect geographical attributes, the annual yield (kWh/kWp) of the system is 5 The installed generating capacity in Singapore totaled some 9,977 MW [11] . 6 As with any other innovative technology where the scientific literature is in contested terrain among interested constituencies with differing agendas, it is particularly important to be explicitly aware of the provenance of the particular research results that one cites or uses. estimated based on the actual performance of a sample of PV systems reported in the Singapore Solar Repository [7] . These yields were reported for every month from April 2011 to March 2012 for a sample of 25 systems across Singapore (see Fig. 4 ). It can be inferred that thin film fares better than their crystalline counterparts under Singaporean operating conditions, delivering on average 1,220 kWh per kWp of installed capacity per annum, compared to 1,100 kWh/kWp for mono-crystalline silicon systems and 1,180 kWh/kWp for multi-crytalline silicon systems.
Differences in yield reflect the fact that solar PV modules only operate at their rated power under Standard Test Conditions, where solar irradiation is maintained at its maximum value of 1 kW/m 2 , the temperature is kept at 25⁰C, and the air mass coefficient, which is used to characterize the solar spectrum after solar radiation has travelled through the atmosphere, is AM 1.5 [12] [13] . Changing any of these factors will affect the yield of the solar PV system. Given Singapore's equatorial climate and the degradation of solar module output with increasing operating temperatures, the temperature effect can be quite substantial. For instance, a study on a flat rooftop PV installation in Singapore found that the PV cells can attain temperatures as high as 60°C to 70°C [14] . At a temperature of 60°C, the voltage of a PV module can drop by as much as 83.94% [15] . Also to be noted is the small degree of heterogeneity amongst systems installed recently vis-à-vis systems of several years old. Given that the oldest system is 4-5 years old, we can safely assume that the above yields continue to apply for systems being deployed in the near future. Solar PV modules are relatively durable, and manufacturers of crystalline silicon modules typically guarantee output at 80% of the rated power after 20 -25 years. Nonetheless, studies have shown that solar PV modules deployed outdoors experience steady declines in power output over time [16] . Constant climate exposure and weathering can cause significant wear and tear to the modules, resulting in either power degradation or failures, with the latter being less frequently observed. In some cases, depending on the settings, modules can experience degradation of up to 5% annually. That implies a performance at 90% of the initial power after only 2 years of deployment, as compared to the 10-12 years usually guaranteed by manufacturers. A lower degradation rate slows down the rate at which module annual electricity output is declining and increases lifetime total energy output, effectively making solar PV more competitive. This highlights the importance of factoring degradation into the LCOE calculations to arrive at the actual lifetime electricity generated.
However, the lack of consensus regarding measurement techniques and analytical methods makes it difficult to assign a single degradation rate. The literature reports a range of values for the degradation exhibited at each stage: the initial stage degradation is reported to range between 1 -3% [17] [18] [19] while the second stage of degradation lies within the range of 0.5 -1.0% per annum [20] [21] . In our report, we assume that the initial degradation is captured in the solar yield and only explicitly account for the second stage (annual) degradation. We also assume that the lifetime of each system is 25 years.
2) Cost
A major hurdle to the adoption of solar PV systems lies in the initial investment, which can be broken down into the cost of acquiring the panels and the cost of installing them. The latter refers to the cost of balance-of-system (BOS) components, such as inverters, wiring, mounting structures, and labor cost, which add up to between 40% to 60% of the initial investment [22] [23] [24] . While the exact percentage is unique to each system, it is largely correlated to module conversion efficiency. To attain the same system capacity, using less efficient panels requires more space, which in turn increases the cost of balance-of-system components.
Other expenditures, expressed as percentages of the initial investment, include a 5% contingency cost set aside for any technical or regulatory difficulties, 1% annual operation and maintenance costs, and a 5% cost of disposing the panels when the plant is decommissioned [8] [23] [25] .
3) Discount Rate
The appropriate interest rate to use in deriving the LCOE depends on the purpose of analysis: as the interest rate for a personal loan, for household installation decisions; as the cost of capital for a business investment by a (profit-maximizing) private utility company; or as the social discount rate imputed by government policy incorporating social cost-benefit calculus. Personal loans at an annualized interest rate of 3-6% are available for households to pay for installation of solar PV systems. 7 For personal loans, the choice facing a household is whether it should borrow the principal to install a solar PV system (and hence reduce expected grid-supplied electricity bills over the life of the system) or not. That is, will the household investment in solar PV installation have a positive rate of return?
For business investments, the appropriate real discount rate would be determined by the weighted average cost of capital (WACC) for the investing firm adjusted for the market risk of the segment of industry in which the investment is being made relative to the market-wide risk index and a risk-free real rate of return. 8 While results in this study are reported for discounts rates of 5% and 10%, the "hurdle" rates of return for private utility investments in relatively stable OECD markets with predictable regulations may be higher than this range due to the higher levels of uncertainty (including future electricity tariffs) faced by investors in liberalized markets [25] .
Government policy may incorporate social measures of costs and benefits that differ from market rates due to the presence of externalities or other market failures. Sensitivity of the LCOE of various electric power generation technologies to carbon price scenarios gives measurable indicators for the social value of solar PV in reducing carbon emissions. Whether solar PV offers an effective means of carbon emission abatement relative to other power generation technologies is discussed in a later section of this paper on LCOE comparisons across extant generating technologies. Nevertheless, it is well established in the literature that the first best policy option for internalizing externalities is to utilize market-based instruments (MBIs) such as the (Pigouvian) carbon tax or cap-and-trade regimes for carbon emissions [27] . Discretionary policies such 7 For instance, the OCBC Renovation Loan provides a loan at nominal interest rates of 5.3% to 6.25% depending on the amount and payback period. See http://www.ocbc.com.sg/personalbanking/loans/Lns_Prl_RenovationLoanRates.shtm 8 For a standard reference to the capital asset pricing model (CAPM), see [26] .
as a lower imputed interest rate for public investments or other instruments such as "feed-in-tariffs" based on technology specifications cannot approximate the efficiency characteristics of MBIs to internalize environmental externalities.
4) Summary
To get an idea of the range of break-even solar PV electricity prices (i.e. LCOE) as a function of key parameters for yield, degradation rates and module costs as a proportion of Annual degradation rate (%) 0.5% 0.75% 1.0% Figure 5 . LCOE for the low, base, and high case (@ 5% and 10% discount rate)
total investments costs, we set up three cases: the high LCOE case, the base LCOE case, and the low LCOE case. The low LCOE case assumes a better yield, a lower degradation rate and module costs accounting for a larger portion of total investment costs. The high LCOE case assumes the converse, i.e. the yield is more unfavorable, the degradation rate is higher and module costs account for a smaller proportion of total costs. The base case reflects an intermediate set of assumed parameter values. For all 3 cases, the module cost is assumed to be constant at US$1.25/Wp as of the end of 2011 [2] , while the lifetime of the PV system is assumed to be 25 years. Table  1 gives a summary for the parameters under our assumptions. Fig. 5 gives the LCOE for the three cases at 5% and 10% discount rates. We observe a wide variability in the LCOE values, with the LCOE in the high case more than double that in the low case. Favorable parameters in the low and base case (at both 5% and 10% discount rate) peg LCOE at a value approximately comparable to the price of electricity from the grid. In the base case at 5% discount rate, the LCOE is exactly on par with the 2011 Singapore tariff rate at S26 ¢/kWh, while at 10% discount rate, the LCOE increases by 10 cents to S36 ¢/kWh. In the most pessimistic high LCOE case (at a 10% discount rate), the LCOE is S51.16¢/kWh or almost twice the average 2011 Singapore tariff.
C. Results

1) Sensitivity Analysis
The chart in Fig. 6 shows the impact of a uniform ± 30% change in the base case parameter values for the degradation rate, discount rate, annual yield, and module cost on the LCOE. Given the large difference in LCOE values between the low and high cases, this allows for a ranking of the parameters according to their relative importance in determining the LCOE.
The LCOE exhibits a high degree of sensitivity to the annual yield and module costs and a lesser degree of sensitivity to the discount rate. It exhibits the least sensitivity to the degradation rate. Faster degradation of the panels (+30%) increases LCOE marginally by 2.1% as compared to the range of 11% to 30% seen for the impact of varying the other parameters. The impact of variations in the annual yield is also markedly skewed to the right, meaning that plants are particularly sensitive to decreases in the yield. A 30% decrease Figure 6 . Sensitivity of LCOE to + 30% change in base case degradation rate, discount rate, module cost, and annual yield in the annual yield increases the median case LCOE by 43% whereas a 30% increase results in a 23% decrease in the LCOE.
As the major component of upfront investment expenditure, module cost is an important parameter affecting the competitiveness of solar PV systems. Substantial cost reductions in PV module costs are expected over time, as a result of "learning rates," manufacturing cost reductions, and technology improvements [25] .
2) The Iso-LCOE Line
The sensitivity analysis looks at the impact of changing one parameter on the LCOE, while keeping all the other parameters fixed. In practice, changes in one parameter might necessitate adjustments in the other parameters as well. It is important, therefore, to analyze the interaction between different parameters and the implications for the LCOE of solar PV. In this section, we examine the effect of simultaneous changes in those two parameters which have the biggest impact on the LCOE -module cost and annual yield.
The iso-LCOE line is formed by connecting the set of points at which different combinations of solar yield and module cost result in the same level of LCOE. These lines are plotted for six LCOE values, at a 5% discount rate, between 10¢/kWh and 60¢/kWh, together with the "grid parity" LCOE line at 26¢/kWh (see Fig. 7 ). Along a particular iso-LCOE line, a percentage increase in the annual yield has to be matched with an exactly equal percentage reduction in the module cost to ensure the same level of LCOE. This might not be As suggested by these lines, depending on the module performance, the module cost has to fall below a certain level to beat grid parity. The maximum module cost requirement becomes increasingly stringent as the panels become less 'efficient' and their yields drop. At the higher end of module performance, i.e. 1,400 kWh/kWp, the maximum that the module cost can reach is US$1.6/Wp while at the lower end of module performance, for instance, 900 kWh/kWp, it is reduced to US$1/Wp. Table 2 gives the IEA's projected electricity generation costs for a range of technologies expected to be commissioned by 2015, except for some advanced plants with innovative designs (such as coal plants with CCS) which might reach commercial viability by 2020 [25] . The projections are given for median specifications based on data on generating costs for almost 200 plants in 17 OECD countries and 4 non-OECD countries. Included for comparison are the LCOE values for solar PV power generation for the Singapore model (base case) and our estimates for diesel generation sets.
D. LCOE Across Technologies
At a discount rate of 5% and with no price being put on carbon emissions, the LCOE for electricity generated from super critical (SC) and ultra-super critical (USC) coal plants is the lowest amongst the technologies considered, at just over US4¢/kWh. The LCOE for nuclear and coal with carbon capture and sequestration (CCS) technologies are comparable, at US5.9¢/kWh. Nuclear power is more competitive than combined cycle gas turbine (CCGT) technology (which has an LCOE of US7.5¢/kWh), even with higher contingency costs. Only diesel is more expensive than solar PV. 9 At a carbon price of US$30/ton CO2 and a discount rate of 5%, the LCOE increases for fossil fuel-based technologies, such as CCGT and coal, but still remain far lower than the LCOE for solar PV and diesel genset technologies. The LCOE for coal technologies increases by almost 60%, from US4.1¢/kWh to US6.5¢/kWh. The LCOE for CCGT technology increases more moderately, by about 15% from US7.5¢/kWh to US8.6¢/kWh, reflecting the lower emissions intensity of natural gas relative to coal. The newer technology for coal with 90% carbon capture and sequestration (CCS) becomes competitive relative to conventional coal plants (SC/USC) with a carbon price of US$ 30/ton of CO2.
When calculating LCOE, the cost of carbon can be incorporated, as an operating cost, to assess the impact of taking economic externalities into account. 10 Fig. 8 illustrates 9 Under IEA's assumptions, nuclear is assigned a higher contingency costs factor (15% of total investment costs) relative to all other technologies which have a contingency cost factor of 5% of total investment costs. 10 See for instance [29] for a meta-analysis of the social costs of carbon under various global climate change mitigation scenarios.
the sensitivity of the LCOE for several technologies to the carbon price at a 5% discount rate. The data for the a. LCOE calculations for Nuclear, CCGT, SC/USC coal, and Coal with 90% CCS are median case estimates from [25] . b. Solar PV and Diesel Genset are our estimates. c. Fuel costs for hard coal (OECD) -US$90/ton; natural gas (Europe) -$10.3/MMBTU, natural gas (Asia) US$11.7/MMBTU; diesel price -US$238/bbl (see [28] for full dataset on prices utilized). Prices are in 2008$. d. Base case assumptions for solar PV LCOE calculations are 1100 kWh/kWp annual yield, 60% for module cost/investment cost ratio, and 0.75% degradation rate, at a module cost of US$1.25/Wp. e. Values for the solar PV are base case LCOE values of US¢20/kWh and US¢27.78/kWh at 5% and 10% discount rate respectively (in 2010$) with an assumed exchange rate of SGD/USD = 1.3. The values are then adjusted for inflation to 2008$ so as to facilitate comparison with the LCOE for the other technologies, which are expressed in 2008$. A deflator of 1.13 is used. Figure 8 . Sensitivity of the LCOE to the carbon price technologies other than solar PV and diesel genset was obtained from the IEA [25] . The LCOE for carbon-producing electricity generating technologies such as combined cycle gas turbines (CCGTs) and diesel gensets are affected by increases in the carbon price. The LCOE for nuclear power and solar PV are obviously invariant to the carbon price, since neither give rise to carbon emissions. Diesel generation is the most expensive technology over the carbon price range. As the carbon price rises to US$145/ton (of CO2), the LCOE for coalbased power generation approaches the US15.73¢/kWh level calculated for solar PV under the Singapore model base case assumptions. For solar PV to be competitive against CCGT technology, an even higher carbon price of approximately US$230/ton is needed. The LCOE for nuclear and coal with 90% CCS is lower than the solar PV LCOE through the whole range of carbon prices (i.e. from 0 to US$400/ton of CO2) shown in Fig. 8 .
These high break-even carbon prices for solar PV are consistent with other authoritative studies. For instance, in reviewing Germany's energy policies in 2007, the IEA found the abatement cost at around €1,000/ton of CO 2 abated given that solar PV displaces gas-fired power [30] . A more recent study that examines Germany's renewables policies estimates the abatement costs to be €716/ton of CO 2 assuming that solar PV displaces power produced from a mixture of natural gas and hard coal power plants [31] . To put this into context, the price of emission certificates in the European Union Emissions Trading Scheme (ETS) has never exceeded €32/ton of CO 2 since its inception in 2005. Using solar PV to mitigate CO 2 emissions is thus an extremely expensive GHG abatement option and is highly inefficient relative to market-based policy regimes such as the EU's ETS.
Investment decisions, such as the decision to install a solar PV system, are inherently irreversible. Given the presence of uncertainty, there is an incentive to wait before acting until the uncertainty is resolved or reduced. Thus, the option to wait has value (see [32] ). In the case of solar installations, given the expected drop in module prices, it may be rational to delay investment as there is value to doing so and getting cheaper modules for installations in the future, especially for countries such as Singapore which do not have a comparative advantage in the mass manufacture of solar PV panels.
E. LCOE Projections
While solar PV is currently more expensive than fossil fuel alternatives, much of the promise of the technology lies in expected cost reductions as solar PV is deployed and manufactured in increasing scale. Parameter values such as learning rates lead to module cost reductions over time while the price trajectory of grid-supplied electricity depends on, among other factors, projected future fuel price costs. The relationship between the LCOE curves for solar PV with projected grid-supplied electricity price paths determines how cost-competitive solar PV is with other sources of electricity generation, which in turn determines the economic feasibility of solar PV installations.
In general, new technologies gradually become cheaper with increasing cumulative deployment. This phenomenon has been observed across many technologies and can provide insight into future price trajectories [33] . In describing technological change and projected cost reductions in solar PV technologies, the literature uses "experience curves" to track the fall in module costs as a function of global cumulative installed capacity. Of the many functional forms proposed to represent the experience curve, the power function is most commonly used in the literature [34] .
The experience curve is expressed as: (2) Where is the real module price at time , is a constant, X is the cumulative installed capacity, and E is the experience parameter.
Using this equation, the progress ratio (PR), which is the price reduction that comes from a doubling of capacity, can be arrived at:
The learning rate (LR) can then be calculated as: (4) The learning rate thus gives the rate of fall in module prices with a doubling of cumulative capacity. For instance, a learning rate of 20% corresponds to a 20% reduction in cost for each doubling of cumulative installed capacity. It should be noted that the learning rate is highly sensitive to the choice of period over which the data is collated and the number of data points.
Data in earlier years suggest a range of values for the learning rate between 18% and 20% [35] [36] . We used the latest data on global cumulative installed capacity and average module prices, as illustrated in Fig. 1 earlier, to estimate the experience curve for solar PV. Fig. 9 below shows the estimated experience curve together with the actual data on installed capacity and module prices. The estimated experience curve is consistent with a learning rate of about 17%. Projections for global cumulative installed capacity for solar PV are provided by the IEA, as shown in Table 3 . The IEA's solar PV capacity projections are based on the "BLUE Map" scenario which has CO2 emissions being mitigated to a steady state of 450ppm of CO2e by 2050, required for global warming not to exceed 2°C. This scenario represents the IEA's view of "successful climate change policies" being enacted and where enough solar PV installations are developed accordingly [8] .
We use the IEA projections for solar PV capacity together with the estimated learning rate parameters to derive solar PV module cost projections. Projected reductions in LCOE will be overstated to the extent that deployment forecasts may overstate future cumulative capacity growth. In a context where investments in solar PV capacity are primarily driven by government incentives and regulations (such as feed-in tariffs for example), there is an added element of regulatory uncertainty. As demand for solar panel investments is a function of government policy support, there is added uncertainty about the durability of such policies in the current context of tightly constrained OECD public budgets. For instance, solar power subsidies in countries such as Germany, France, the United Kingdom, Slovakia, and Spain were cut back in 2011 and have resulted in the European Photovoltaic Industry Association (EPIA) forecasting a slow-down in capacity additions in 2011 [37] [38].
In Fig. 10 , we plot the LCOE trajectories with high, medium and low learning rates for base case values in module cost/investment costs ratio, annual yield and degradation rate at a 5% discount rate from 2012-2050. We consider a range of learning rates in constructing our three cases: values of 14%, 17%, and 20% were assigned for the high (projected) LCOE case (i.e. a lower learning rate keeps the LCOE trajectory at a high level), the base case, and the low case respectively. The learning rates and equations (2)- (4) can be used to estimate the module cost in each year under each learning rate scenario, which can then be used to project the LCOE trajectory for solar PV.
We consider two compound annual rates of growth for grid-supplied electricity prices: 1% and 3%. To put these price projections in context, the IEA's most aggressive long run crude oil price projection, which puts crude oil price at US$136/barrel in 2035 (in 2009$), shows an annual compound average growth rate of oil prices to be 3.4% [39] . For the foreseeable future, Singapore's cost of fuel for power generation is likely to be primarily a function of oil and natural gas prices, with natural gas prices in turn being largely a Figure 10 . LCOE Projections (Base case with different learning rates @ 5% discount rate) function of oil prices to which most natural gas term contracts, delivered via pipeline or in LNG vessels, are indexed.
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Fig . 10 illustrates the LCOE trajectory for the base case with different learning rates. It highlights the uncertainties with predicting the cost-competitiveness of solar PV. Given base case assumptions, solar PV has already achieved grid parity in Singapore, so the most aggressive learning rate of 20% combined with the steeper grid electricity price path with a compound annual growth rate of 3% (as a function of crude oil price increase) results in the widest gap between the grid price of electricity and the LCOE of solar PV. At the other extreme, again under base case assumptions for all other parameters, a relatively slow learning rate of 14% together with a more moderate grid electricity price increase at 1% CAGR leads to a moderate gap between the grid price of electricity and the LCOE of solar PV. The high sensitivity to learning rate and fossil fuel price path assumptions illustrates how solar competitiveness forecasts in industry journals need to be handled with sufficient care and due diligence. Fig. 11 highlights even more dramatically the uncertainties of predicted LCOE. This figure traces model results which vary all parameters according to whether one is uniformly "pessimistic" or "optimistic". To put this alternatively, we have grouped the most extreme values for all parameters available in the literature to illustrate diverging scenarios on grid parity. In the most pessimistic case, grid parity is achieved as late as 2022, while in the optimistic case the LCOE of solar PV is well below the grid price of electricity in all years. It should be noted however that the uniformly optimistic or pessimistic cases are unlikely to hold in entirety, and are better seen as 11 While LNG prices for Japan (the largest buyer of natural gas in Asia) are largely based on the Japan import price of crude oil (the "JCC" index), Singapore's pipeline natural gas imports are indexed to an index of heavy fuel oil prices. Heavy fuel oil prices, in turn are highly correlated to the crude oil price.
extreme cases purely for an illustration of the theoretically possible range. An important conclusion to be drawn from this is that as module prices decrease in line with "experience curves", there are higher gains from installing solar PV (in terms of the difference between the LCOE and the grid electricity price trajectories) as time elapses in almost every scenario. This suggests that the fact that solar PV has already achieved grid parity (as per the base case assumptions) does not mean largescale immediate deployment of solar PV is necessarily warranted in the Singapore context. Given the irreversibility of solar PV investments, there is an option value to waiting for module prices to drop and then investing in solar PV, and this needs to be carefully considered in conjunction with other relevant factors in deciding how much solar PV capacity to install.
F. Grid Parity and "Intermittency" Costs
In the broadest sense, grid parity implies cost competitiveness of solar PV with conventional sources of electricity generation. However, the exact definition of grid parity differs according to whether the reference is to electricity spot market price parity, parity with peaking electricity generation such as diesel generators, or retail electricity price parity [40] . Complicating matters is the assignment of the cost of investments at the system level due to the intermittency of electricity from renewable technologies such as solar PV or wind power.
For intermittent electricity generation technologies such as solar PV, costs imposed on the system for grid stability can be substantial. In an electricity system, demand must equal supply at any given point of time in order to ensure system stability, since grid electricity cannot be "stored." The intermittency of renewable electricity technologies such as wind or solar PV makes balancing of the grid system a more complicated task. Forecasting techniques and optimal distribution of intermittent sources might help alleviate the issues that arise; however, they do not eliminate them. Hence, system balancing considerations necessitate additional investment in backup generation and ramp-up capability. The ability to rapidly ramp up/down generation is crucial when intermittent sources are connected to the system. 12 12 In particular, an appreciably larger penetration by intermittent source of power such as solar or wind would make unrealistically high ramping demands on the grid system (see [41] ). Technology might help mitigate the technical constraints imposed by intermittency. For instance, new gas turbines designed by General Electric allow for rapid ramp up at the rate of more than 50 MW/minute which is twice the ramp-rate of today's industry benchmarks (see [42] ). However, these flexible power plants would require greater upfront
The amount of investment needed to handle the impact of intermittency on the electricity grid depends on a host of variables including the size and configuration of the electricity system and the share of intermittent sources as a proportion of total electricity capacity (i.e. "penetration" level). While there have been a number of studies done on estimating costs of integrating intermittent sources of renewable energy, these studies are specific to the power systems studied, and there is no reliable means of generalizing the results [25] . There is evidence, for example, to suggest that the link between penetration of intermittent power sources and balancing costs could be non-linear. In a study done for California, it was estimated that 3,000 MW of "regulation" reserves and 4,000 MW of "ramping" reserves from "fast" resources would be required if penetration rates of 33% by intermittent sources were to be achieved by 2020 [43] . 13 This constitutes approximately 10% of California's current installed capacity, a cost which would have a non-trivial impact on the state's average power tariffs if rate-payers are to foot the bill.
The California study considers wind and solar installations in the renewable technology mix. A combination of these two intermittent sources is able to better 'average-out' the variability. For dependence on a single resource such as solar PV, system costs would be higher due to higher intermittency rates. According to the EMA, the Singapore grid can handle up to 350 MW of solar PV power or about 3.5% of total generating capacity; above this threshold, additional investments are needed to stabilize the grid [44] . The LCOE derivations presented in this study do not account for gridsystem stability costs imposed by the use of intermittent technologies beyond this relatively low threshold (as a proportion of total electricity produced by the grid) and therefore understate the full cost of generating electricity from intermittent technologies such as solar PV.
Given the need for continuous balancing of load, an electricity generating unit whose output can be controlled so as to match variations in load will be more valuable to the electricity system than an intermittent electricity generating source. This applies to countries, such as Singapore, that have wholesale electricity markets with real-time pricing. In such markets, wholesale electricity prices are prone to considerable fluctuations throughout the day. Intermittent sources, such as solar power, cannot dispatch power supplies into the grid when wholesale prices are high as they are not controlled by an operator as in a conventional electricity plant but depend on the weather, cloud cover and daily solar cycles. As a result, intermittent sources tend to produce output that has a lower value than output from conventional sources of electricity generation, a matter which would naturally be of key concern to power generating companies [45] . The LCOE methodology implicitly assumes that electricity from different sources have the same value and thus further understates the costs of electricity generated from intermittent sources in a context of variable real time pricing of output.
V. CONCLUSION
The economic and technical analysis of the feasibility of solar power in the Singapore context was examined in this paper using the Levelized Costs of Electricity (LCOE) methodology. Using reasonable estimates for key factors such costs than conventional plants. Hence, the point remains that the addition of intermittent sources of electricity raises system costs. 13 The power system must match aggregate generation and load instantaneously and continuously. The regulation reserve is employed to achieve this generation/load balance in order to maintain the system frequency. For Singapore, the system frequency is 50Hz with an allowable deviation of ±0.2Hz. Intermittent sources of electricity generation are prone to large fluctuations in output, which is referred to as ramp up or ramp down of output. Ramping reserves are required to manage these large fluctuations.
as the annual solar yield, panel degradation rates and operating costs, and average solar module costs in 2011, the model calculated the break-even price -the price at which the costs of solar power are just balanced by its revenues over the life of the equipment -to be S26 ¢/kWh, which is on par with the average Singapore 2011 electricity tariff rate. The LCOE is sensitive to the various parameter estimates used, in particular the annual yield and the module cost, and depending on the parameter assumptions used, can vary significantly from our base case estimate.
The paper also compares the LCOE across a range of technologies, including solar PV. Without a carbon price, solar power is considerably more expensive than technologies such as the combined cycle gas turbine (CCGT), super critical (SC) and ultra-super critical (USC) coal, coal with carbon capture and sequestration (CCS), and nuclear, but is cheaper than diesel genset. Solar power in the Singapore context becomes competitive to conventional coal plants only when the CO2 price is US$341/ton. It becomes competitive with cleaner gas turbines, the mainstay technology for power generation in Singapore, at US$677/ton of CO2.
While the LCOE of solar PV is currently higher than that of many available fossil fuel technologies, much of the promise of the technology lies in expected cost reductions as solar PV is deployed and manufactured in increasing scale. We estimate the "experience curve" for solar PV and use it to generate future trajectories for the LCOE of solar PV, comparing them to plausible future electricity prices. We find that in the bulk of the scenarios, a significant gap emerges between the grid price of electricity and the LCOE of solar PV within the next two decades. Thus despite the fact that under base case assumptions, solar PV has already reached grid parity, there could be an option value to waiting for module prices to drop before undertaking significant investments in solar PV.
In addition, "grid parity", when solar power costs come down to levels which make it competitive to conventional fuels, is not a straightforward concept: break-even cost measures of solar power do not include systemic effects such as the costs incurred for providing back-up for intermittent sources of electricity such as solar power. Available data suggests that investment costs imposed by the need to integrate fluctuating sources of power into an electricity grid are substantial. Any full assessment of the costs of solar power needs to take these necessary investments into account.
To the extent that there are informational and "learning by doing" benefits in installing and integrating solar power systems in Singapore, there is a case for publicly financed testbeds and local experiments in the adoption of an uncertain and relatively costly technology. Given the expected drop in module prices, though, it may be rational to delay more substantial investments in solar PV as there is value to doing so and getting cheaper modules for installations in the future.
